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I
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)

.
THEUSEOFTHEROLLED-UPVORTEXCONCEPT

FORPREDICTINGWING-TAILIMTWTWNCE ANDCOMPARISON

WITHEXPERIMENTATMACHNUMBEROF 1.62

OFMISSILECONFIGUIUiTIONSHAVING

FORA SERIES

TANDEM ‘

CRUCIFORMLIFTINGSURFACES

By CarlE. Grigsby

. SUMMARY

Themethodforpredictingwing-tailinterferencewherebythe
trailingvortexsystelnbehindliftingwingsis.replacedby fullyrolled-
UPvorticeshasbeenappliedto thecalculationoftailefficiency
parameters,liftcharacteristics,andcenter-of-pressurelocationsfor
a seriesof generalizedmissileconfigurations.Thecalculationshave-. beencsrriedoutwithassumedandexperimentalvortexlocations,and
comparisonsmadewithexperimentaldata.

Themeasuredspanwiselocationsofthevorticesfortheinline
casewerefoundtobe ingoodagreementwiththeasymptoticvalues
computedfromthecenterof gravityofthevorticityusingthemethod
ofLagerstromandGrahsm.Fortheinterdigitatedconfigurationsthe
measuredspanwiselocationswerein onlyfairagreementwiththeasymp-
toticlocationscomputedfortheinlinecase.Theverticaldisplacement
ofthevorticeswithangleofattackforbothinlineandint~digitated
configurationswassmall.

u

Themethodutilizingtherolled-upvortexconceptwasshownto give-
goodresultsinthepredictionoftailefficiencyvariationswithangle
ofattackforinlineconfigurations.Notasgoodcorrelationwith
e~erimentwasshownfortheinterdigitatedconfigurations.Complete
configurationlift-curveslopesandcenter-of-pressurelocations,
obtainedusingtailefficiencycalculationstogetherwiththecharacter-
isticsof’thecomponentsobtainedfromavailabletheoretical.methods, #
showedexcellentcorrelationwithexperimentalresults.

. amg!!!g———.-——.———--.—..————_ .-—.-...—
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INTRODUCTION

A rationalapproachtolongitudinalstabilityand”controlproblems
mustincludea knowledgeofthedownwashfieldbehindtheforwardlifting
surfaces.Furthermore,theuseoflow-aspect-ratioliftingsurfacesand
cruciformconfigurationshasforceda reexaminationof”themethodsand
assumptionsusedinthepasttopredictthedownwashbehaviorbebind
liftingsurfaces.SpreiterandSacks(ref.1)haveinvestigatedthe
rollingup ofthetrailingvortexsheetanditseffectuponthedownwash
fieldbebindplanewings.Intheinvestigationofreference1 therates
ofrollingup ofthetrailingvortexsheetsofwingsof similsrspan
loadingwerefoundtovarydirectlywithliftcoefficientandinversely
withtheaspectratio.Thus,forlow-aspect-ratiowings,suchastight
beusedonmissiles,thetrailingvorticeswo~d be essentiallyrolled
upwithina shortdistanceofthewingevenatlowliftcoefficients.
Itappears,therefore,thatforcotii~ationshatinglow-asPect-ratio
liftingsurfacestheassumptionwherebythetrailingvortexsheetis
replacedby a singlehorseshoevortexisinreasonableagreementwith
thephysicalpicture.

Similsrresultsfortheplane-~ngcasehavebeenfoundinthe
theoreticalinvestigationofLagerstromandGraham(ref.2) inwhicha
simplifiedcross-flowtreatientoftheproblemwasutilized.In addi-
tion,thisinvestigationhasexaminedthemotionofthevorticesinthe
presenceofaninfinitecircularcylinderorjforpracticalpurposes}
hasextendedthemethodtowing-bodycombinations.Undertheassump-
tionsofthestiplifiedcross-flowtreatment,thesolutionistheclas-
sicalsolutionoftwovorticesinthepresenceof a circularcylinderin
incompressibleflowsuchas isgivenbyMilne— Thomson(ref.3).

Thus,forplaneconfigurationswherethevortexsheetmaybe assumed
tobe fullyrolled-up,thedownwashfieldbehindthebody-wingcombina-
tionmaybe obtained.Withtheaidoftheoreticalmethodswhichmake
useofreversibilityconcepts(ref.s.4 and5) andthesuperposition
methodofreference6, thelit%ofthetailinthenonuniformdownwash
fieldmaybe determinedandthelongitudinalstabilitycharacteristics
ofa completebody-wing-tailconfigurationfound.

The.morecomplicatedbehaviorofthevortexsystembehindcruciform
wingshasbeeninvestigatedby Sacksinreference7 andclosedsolutions
obtainedforthemotionsof fourequslstrengthvorticesbehindcruciform
wings.Thesesolutionsmustbemodifiedto accountfortheeffectsof
thebodyuponthemotionsofthevortices,andfortheunequalcircula-
tionsoftheupperandlowerpairsofvortices.Solutionsmaybe obtained
withtheuseof numericalintegration,buttheybecomelaborious.S~Pli-
ficationsarethusnecessaryif solutionsmaybe easilyobtainedforthese



NACARM L~HOj 3

configurations.Becauseoftheseconsiderationsandthefactthatin
thedevelopmentofthemethodsdiscussedabovebothslender-bodyand
lineartheorywereusedto determinedecidedlynonlineareffects,itis
obviousthatexperimentalverificationisnecessaryifthesemethods
aretobe usedwithanycertainty.Comparisonswithexperimenthave
beenmadeforanair-to-airmissileatMachnumberof1.4byEdwards
(ref.8), andfora numberofmissileconfigurationsatMachnumbers
of1.62 and1.93 byRainey(ref.9). Theseresultshaveshownreason-
ableagreementbetweenexperimentalandcalculatedlongitudinalstability
characteristics.

Thepurposeofthepresentinvestigationisto extendthecalcula-
tionsofwing-tailinterferenceusingfullyrolled-upvorticesto a
seriesofgeneralizedmissileconfigurations.Theresultsoftestsof
theseconfigurationsmadeintheLangleyg-inchsupersonictunnelata
Machnumberof1.62 havebeenreportedinreference10. Theseconfigura-
tions,havi~ simpleliftingsurfaces,aremoreamenableto theoretical
analysisandallowsystematiccomparisonstobemadefora numberof
geometricvariables.Inthisway,it ishopedthatsomeinsightmaybe
gainedconcerningtheaccuracyandrangeof applicabilityofthemethod
usingfullyrolled-upvorticesforpredictingwing-tailinterference.

a

X,y,z

s

a

u

V=Ua

v

CL

C.P.

SYMBOIS

bodyradius .

cartesiancoordinates(whenusedin calculationsofwing-tail
interference,originisat centerofbodyatwingtiailing-
edgelocation,seefig.1)

wingarea

angleofattack

stresmvelocity

velocityatanypointdueto circulationofvortex

liftcoefficient

centerofpressure;distancemeasuredinbody”diametersfrom
centerof gravity

,,
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I?. circulationaboutrootchordofwing

Tt tailefficiencyparameter

B configuration

BT configuration

Bw configuration

configuration

Subscripts:

ofbody

ofbodyandtails

ofbodyandwings

ofbody,w@gs, andtails

1,2,...6 refersto a partic~artingortailplanform

F wingin

R wingin

i initial

forwardlocation

rearlocation

vortexlocation

m asymptoticvortexlocation

eq equivalentangleofattack
pitchedandrolled

Superscripts:

oryawwhenconfigurationis

0,45 anglebetweena planethroughoppositetailpanelsanda plane
throughoppositewingpanels.Theangleisalwayslessthan
90°,anditsvalueappearsasthesuperscriptfor W inthe
completeconfigurationdesignation.

TEIEORETICA.LMETEODS

Calculationofdownwashfieldbehindbody-wingcombination,inl.ine
case.- Inthecalculationofdownwashbehinda body-wingcombination,it
willbe assumedthatthevortexsheetdischargedfromthetrailingedge
ofthewingpanelmaybe consideredf’ullyrolled-upintoa discrete
vortexatthetaillocation.Thus,thetotalvorticityofthelifting
wingpanelisconcentratedintoa singlelinevortexwhosestrengthand
initiallocationarea functionofthespanloaddistributionofthe
wingpanel.Thesefunctioqsandmethodsofanalysisarenowwell-known,
buttheywillbebrieflysummarizedkre togetherwiththeassumptions.
usedinthepresentcalculations. f.
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Thestren@hofthetrailingvortexislmownsinceitmustbe equal
tothesumof allthevorticesdischargedfromthewingor,inother
words,themagnitudeofthecirculationaroundthewingin.theplaneof
symmetry. Thus,forthepresentcalculations,thestrengthofthe
trailingvortexr. isrelatedtothespanloadingofthewingpanelby

ro=~ ()Czcy.a
(1)

where
()Clcy=a

isthevalueof spanloadingatthewing-bodyjuncture.

Thespanloaddistributionofeachwingpanelwasdeterminedby con-
sideringonlytheexposedwingpanelandneglectingtheeffectofwing-
bodyinterference.As.hasbeendiscussedindetailinreferences1
and2,theinitiallocationofthetrailingvortexwastakentobe the
centerofgravityoftheactual”vortexsheet.Thiscenter-of-gravity
locationwasfoundfromthespanloadingby

‘i-+k+a (2)

Knowingthestrength-andinitiallocationofthetrailingvortex,
thepathofthevortexdownstreammustalsobe determined.Lagerstrom
andGrahamhavemadeuseof a simplified“cross-flow”treatientto
determinethemotionoftwolinevorticesinthepresenceofa circular
cylinder.Thepathofthevorticesmaybe determinedfromthegeneral
equationofthemotionofthe
theasymptoticspacingofthe
limitofthegeneralequation

am -

vorticesby numericalintegration;however,
vorticeswhichhasbeendeterminedasa
isdefinedby theclosedexpression

r
~ loge2y== B2n’v

where

()a2 r 2Yi(yi2- a2)
B.2yfl —__ - L lo&

Yf2 2m Yi2 +a2

‘4

(3)

. .. —.-. —_ _ .- — — — ———... _ .—___ —_—
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Thisasymptoticspacinghasbeenusedfortheinlineconfigurationsin
thepresentcalculationsasthevortexspacingatthetaillocation.
Thevaluesshownareindependentof angleofattackalthoughr. which
isproportional
Ym. Theeffect
beenneglected.
determinedfrom

toangleofattackis directlyinvolvedindete&nining
ofvaryingr. upon ym is,however,smallandhas
Theverticaldisplacementofthetrailingvortexwas
theapproximaterelation

z = -0.1CZ(2 CosCL) (4)

where 2 isthedistancefromthewingtrailingedgetotheleading
edgeofthetail.Thisequationwasfoundto givea goodapproximation
totheresultsofLagerstrcnnandGraham.Intheforegoinganalysis
imagevorticesareplacedwithinthebodysothattheboundarycondition
oftangentialflowatthebodysurfacewouldbe satisfied.

Oncethestrengthandlocationofthetrailingvorticesat thetail
sreknown,thedownwashdistributioncanbe easilydeterminedsincethe
velocityat anypointresultingfromthecirculationofthevortexis

r.
‘=% (5)

.

wherer isthedistancefromthepointconsideredto thevortex.
.Determiningtheverticalvelocityor downwashvelocityoverthetail
spanisthensimplya matterinvolvingthegeometryofthetailand
thevortexlocations.Inthisanalysischangesindynsmicpressureat
thetailarenotconsidered.

Interdigitatedcase.-Fortheinterdi.gitatedcasethedetermination
ofthestrengthofthetrailingvortexis notas simpleasfortheinline
case.Sinceeachpairofwingpanelsisat anequivalentangleofattack
andangleofyaw,thestrength-ofthevorticesmaybe foundby considering
thespanloadingoftheexposedwingpanelsata conditionofyawand
pitch.Ifthewingplanformhas-smallrollingmomentduetoyaw,then
thespanloadingmaybe determinedfromtheangleof attackintheplane
ofsymmetryofthewingpanels.Thisangleofattackis simply

aeq = tan-l(tanacos45°) (6)

.

If,ontheotherhand,therollingmomentduetoyawislarge,thenthe
spanloadingmaybe calculatedusingexistinglineartheoryresults.
ThisprocedurehasbeenappliedbyEdwards(ref.8) toa configuration

—.
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havingtriangular
wasfoundbetween
ontheindividual

wingsof600leading-edgesweep.Excellentagreement
thecalculatedandexperimentalvaluesoftotallift
wingpanels.As wouldbe expectedfromconsideration

ofthe pressuredistributionoverthewingpanels,thelowerorleading
panelsshoweda considerableincreaseinliftwithincreasingangleof
attackwhiletheupperortrailingpanelsshowedalmostanequivalent
lossinlift. Inthecalculationsmadehere,considerationofthe
rollingmomentduetoyawwasmadefortheconfigurationshavingtri-

(
angularwings BW~T5

and ‘~TJ+)”
Fortheconfigurationshavingzero

leading-edgesweep,itwasassumedthattherewasno significantrolling
momentduetoyaw. TheresultsofSacks(ref.7) allowthepathoffour
vorticestobe determinedwherethefourvorticesareofeqyalstrength.
Thismethod,whenmodifiedto includebodyeffects,becomeslaborious
andwasnotattemptedforthesecalculations.InviewoftheUfficul@
associatedwithdeterminingthemotionofthevortices,a grossassump-
tionregardingtheirlocationwasmade,namely,thatthevorticesorig-
inatedatthewingtipsandhadverticsldisplacementbutno spanwise
movementdownstreamofthewing. Theverticaldisplacementwasassumed
tobe equaltothatfortheinlinecase.Calculationsmadeusingthis
assumptionwerefoundtobe inpooragreementwithexperimentandwill
be discussedlater.Then,experimental.,measurementsofthevortex
locationsatthetailweremadeandtheseresultswerealsousedirithe
calculation.Theseexperimentalmeasurementswillbe discussedin
detaillater. *

Oncethelocationandstrengthofthetrailingvorticeswereknown,
thedownwashdistributionwasdeterminedinthesamemannerasthatused
fortheinlinecase.

Calculationoftailefficiencyparameter.-Thetailefficiency
parameterqt hasbeenfoundusefulinanalyzingtheover-allwing
downwasheffects.Theparameterisdefinedastheratioof thelift
ofthetailinthepresenceofthebodyandwingtotheliftofthetail
inthepresence
reducedto give

ofthebody.Experimentalbreakdownforcedatamaybe
valuesoftailefficiencybyuseoftherelation.

cL~ - CLW

“t= C%IT-CLB

Now,forcalculativepurposesthisrelationisexpressedintheform

qt=l_ p-t).
OBcLt

——..- .—.——-.— —. .— —-— -——--—— __ .=— .
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Boththetailliftincrementduetothepresenceofthewing (t)
ML ~

andthetailliftinthepresenceofthebody (C~)B canbe &termined

usingthedownwashdistributionsobtainedpreviouslyandexistingtheo-
reticalmethods.Theprincipaldifficul~liesindeterminingthelift
ofthetailinthenonuniformwingdownwashandbodyupwashfields.
Considerabletheoreticalinformationexistsregardingthecalculation
ofliftina nonuniformstream.To summsrizethepresentinformation,
itmaybe saidthat,withtheaidofreversedflowtheorms,exact
resultswithinthelimits.ofthelineartheorymaybe simplyobtained.
In‘thepresentcalculationstheresultsofAldenandSchindel(ref.k)
havebeenusedto obtaintheliftofthetailinthepresenceofthe
calculateddownwashfieldandinthepresenceoftheupwashfielddue
tothebody. Theflowfieldaboutthebodywasassumedtobe theincom-
pressibleflowaboutaninfinitecylinder.Body-tailinterference
effectsotherthanthecalculationsofbodyupwashpreviouslydiscussed ‘
werenotconsidered.

RESULTSANDDISCUSSION

Experimentallocationoftrailingvortices.-Representative
schlierenpicturesillustratingthevortexpa$ternsforbothinlineand
interdigitatedconfigurationsareshowninfigure2. Thesepictures
alsoillustratethepitot-tubetechniqueusedinthesystematicsurveys
locatingthetrailingvortices.Thesesurveysarean extensionofthe
testsofreference10,andthemodelsandtestconditionsarethesame
asthosereportedtherein.Thepitottubeusedinthesurveysis shown
intheschlierenpicturestotherearandabovethemodel.Theregions
ofconcentratedvortici~appearintheschlierenpicturesasregions
ofhighestdensi~changeandinthepitotmeasurementsaspointsof
miminumdynamicpressure.Theconfigurationsinvestigatedbothby the
systematicpitot-tubesurveyandby thetheoreticalcalculationsare
showninfigure3.

Theresultsofthepitot-tubesurveysareshowninfigures4 to7
and9 to13 astheverticalandspanwiselocationsofthevorticesas
functionsofangleofattackreferredtotheaxesoffigure1. The
vorticesdischargedfromthebody(seeref.11)werealsolocatedinthe
survwsbutarenotpresentedsincetheywerenotincludedinthecalcu-
lations.Shownonthecurvesfortheinlineconfigurationsarethe
calculatedvortexlocationsandtheverticallocationofthetailleading
edgeat eachangleofattack.Thecurvesfortheinterdigitatedcon-
figurationscontaintheassumedvortexlocations,thevertical.10CatfOn
ofthetailleadingedgeat eachangleof attack,and,inaddition,the
calculatedlocationsfortheinlinecasewhichareshownforcomparison.

. ..——?p?F’NF’NTITI
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Themeasuredvaluesofthespanwiselocationsofthevorticesfor
theinlineconfigurations(figs.k, 6, 9, and11)aregenerallyingood
a~eementwiththeasymptoticvaluescomputedfromthecenterofgravity
ofthevorticityusingthemethodofLagerstromandGraham.Thecalcu-
latedlocationsfortherectadgulsrwings(W2 and W3)aresomewhat
inboardoftheexperimentallocations.Forthereversedtriangularwing

(configurationBW4FOT4showninfig.9)goodagreementwithexperiment
wasshownonlyifanellipticalwingloadingwasusedalthoughlinear
theorypredictstriangularloadingforthisplanform.Goodagreement
wasalsoshownfortheinlinecasesfortheverticallocationofthe
vorticeswhichwasnearlya stres.mwiseplanepassingthroughthewing
trailingedge.

Theagreementbetweentheassumedvortexlocationsandthemeasured
locations(figs.5, 7, 10,12,and13) waspoorfortheinterdigitated
configurations.Thislackof~eement isaswouldbe expectedinview
ofthegrossassumptionsmadefortheseconfigurations.Whenthe
asymptoticvortexlocationscalculatedfortheinlinecaseareconsidered,
considerablybettercorrelationwithexperimentis shown,especiallyfor
theconfigurationshavingzerotipchord.Theeffectofthebodywhich
istomovetheuppervorticesinboardandthelower-vorticesoutboard
withincreasingangleofattackisshownby theexperimentalspanwise4
locations.Themotionofthelowervorticeswithangleofattackwhich
havethelsrgestinfluenceon thedownwashatthetailis,however,small
fortheaspectratiosandtaillengthconsideredhereandtheassumptions
regardingthevortexmotiondiscussedpreviouslyappeartobe adequate
forcomputationalpurposes.

.
Comparisonofexperimentalandcalculatedvaluesoftailefficiency.-

A comparisonoftheexperimentalvaluesoftailefficiencyfromrefer-
ence10 andthevaluescalculatedusingassumedandmeasuredvortex
locationsis givenonthelowerportionoffigures4 to14. The
shapeofthecalculatedtailefficiencycurvesareaswouldbe expected
fromdownwashconsiderations,thatis,theangleofminimum~t is ‘

.

near0° fortheinlineconfigurations,andfortheinterdigitatedcon-
figurationsoccursatanangleof attackwhichcorrespondsapproximately
totkeangleatwhichthetailpassesthroughthetrailingvortices.If
theinlin~configurationshavingrectangularwingsandtails(figs.4
and6)forwhichthecalculatedvortexlocationswereslightlyinboard
ofthemeasuredlocationsareconsidered,thecalculatedqt valuesme
somewhathigherthantheexperimentalvalues.In generalthecorrelation
maybe consideredgoodwiththegreatestdiscrepancyshownintheangle-
of-attackrangearound5° andoftheorderof0.2. Agreementforthe
interdigitatedcases(figs.5,7, and8) isnotasgoodasfortheinline
casealthoughtheshapeofthetailefficiencycurvewaspredictedwith
goodaccuracy,withtheexceptionoftheconfigurationshavingT6 tail
planform(fig.8).

—.-._ —.-—.— _ — .—— —-—-..— .
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Thecalculatedtailefficiencyvaluesusinganellipticalwing
loadingforthereversedtriangularwingconfigurationsareinfair
agreementwithexperimentfortheinlineconfigurationas showninfig-
ure9. Fortheinterdigitatedcase(fig.10)thecalculatedvalues

.

usingexperimentalvortexlocationshowgoodcorrelationwithexperiment.
Thequitedifferentshapesofthetwocalculatedtailefficiencycurves
fortheinterdigitatedcasearetheresultofthelargedifference
betweentheassumedandmeasuredvortexlocationwhichwasdiscussed
previously.

Thecalculatedvaluesfortheinlinecaseoftheconfigurations
havingtriangularwings(BW5F0T5

OT
)and *5F 4 areingoodagreement

withexperimentasis shownonfigures11 and14. Fortheinterdigitated
configurations(figs.12,13,and14),however,itisevidentthatthe
calculatedvaluesdonotgiveanaccuratepredictionoftheshapeof
thetailefficiencycurveandtheangleofminimumqt. Tk calculated
angleofminimumqt isdisplacedfromtheexperimentalby about2°
to 3°. Detailexaminationof schlierenpicturesoftheseconfigurations
yieid.ssomeunderstandingregardingthislackof agreement.It appears
thatthereareseveralregionsof concentratedvorticityinsteadofthe
singlefullyrolled-upvortexassumedinthecalculations.Thisobserva-
tionis supportedby evidencehornunpublisheddataforseveraltri-
angularwingsofvaryingleading-edgesweep.ltrgmthisdataitwas
foundthatforwingshavingtheleadingedgeneartheMachline,such
asthe W5 planform,thevortici~wasconcentratedintotwovortices
ofnearlyequalstrength.If someofthevorticityisdistributed
inboardoftheassumedlocation,theeffectforinterdigitatedconfigura-
tionswillbe toreducetheangleofminimumqt asiSillustratedin

.

figures12,13,and14. Itwouldbe expectedthatthisinboarddistri-
butionofvorticitywouldhavelittleeffectontheangleofminimumqt
forinlineconfigurations.Althoughtheassumptionofa singlefully
rolled-upvortexdoesnotappesrjustifiedforthetriangular-wingcon-
figurations,themaximumdiscrepancybetweenexperimentalandcalculated
valuesof qt isabout0.30shownforthewingrearconfiguration.It
willbe notedby comparisonoffigures12 and13that’theeffecto-f
movingthewingrearwardin increasingtheangleoffitim qt was
predictedbythecalculations.

Thus,itappearsfromthecomparisons”wdeherethatthecalcula-
tivemethodwillgivequitegoodresultsinthepredictionoftail
efficiencyvariationswithangleof attackforinlineconfigurations.
Thecalculativeresultsfortheinterdigitatedcasesarenotinasgood
ameementwith~eriment astheinlinecasesevenwhenexperimental
vortex
higher

locations‘~e
downwashover

used. Sincetheinterdigitatedconfigurationshave
thetailsat anglesof attackthandoinline
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configuration,itwouldbe expectedthatanydeviationsatangleof
attackfromthelineartheoryspanloaddistributionsusedinthecalcu-
lationswouldbemoreseriousfortheinterdigitatedconfigurations.
An exampleoftheeffectof angleofattackuponspanloaddistribution
maybe seeninreference12whereat u = 20° thespanloadingfora
triangularlwingof68.6°sweepisnolongerelliptical,butisessen-
tiallytriangular.Thereexistslittleexperimentaldataconcerning
thiseffectespeciallyforbody-wingconfigurationsand,consequently,
linear-theoryresultsmustbe utilized.Thelargestdeviationsbetween
experimentandcalculatedvaluesareshownfortheinterdigitatedcon-
figurationswhereitisindicatedthatthetotalvorticityisnotcon-
centratedintoa singlevortexas isassumed.

Comparisonofcalculatedandexperimentalliftcoefficientsand
center-of-pressurelocations.-Thecalculatedtailefficiencyvalues
havebeenappliedtothecalculationof completeconfigurationlift
coefficients,andcenter-of-pressurelocations.Inthiswaytheuse-
fulnessofthecalculativemethodinpredictingthesestaticlongitudinal
stabilityparametersmaybe determined.Theresultsoftheapplications
tothecalculationof center-of-pressurelocationsme.showninfigure15,”
anda representativecomparisonofexperimentalandcalculatedliftcoef-
ficientsis showninfigure16. Theexperimentalresultsforthecom-
pleteconfigurationsandtheircomponentswereobtainedfromreference10.
Theassumedcenter-of-gravitylocationofthemodelswas6.25bodydiam-
etersfromthenoseor 4.375inchesasis showninfigure3. Theindi-
vidualcomponentswillbe discussedfirst,andtheircombinationto give
thecompleteconfigurationswillbe discussedlater.

Thebody-alonecenter-of-pressureresultsarepresentedinfig-
ure15(a)andcompsredwiththeresultsofreference11. Althoughthere
isconsiderabledifferenceshownbetweentheexperimentalandcalculated
valuesinthemoderateangle-of-attackrange,ithasbeenfoundthat
thesedifferencesarenotsignificantinthecalculationofthecomplete
configurationcenterofpressure.

Thecalculatedvaluesof center-of-pressurelocationsforthe 13W

and BT configurations(shownin figs.15(a)to15(m))wereobtained
usingexistingtheoreticalmethods.Thebodycontributionwasdeter-
minedfromreference11 as~scussedabove,andthewingplusinterference
wasobtainedfromreference13assumingthatthecenterofpressureof
theexposedwingwasunchangedby interference.Thecenterofpressure
oftheliftonthebodyduetothewingwastakenfromtheresultsof
reference14. The BT computationswereidenticaltothe EW except
thattheliftonthebodyduetothetailwasneglected.Thecalculated
valuesforthe BW configurationsareconsistentlyresrwardofthe
experimentallocationsby about0.25to0.50bodytiameter.Thisagree-
mentisconsistentwiththecomparisonsgiveninreference14 fora lsrge
numberof configurations.Themoreforwardlocationindicatedby

——.. ... -.-—- .—-—————-— _——————— —.. .— .— . ..— — _—-— —.—
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experimentisbelievedtobe theresultof separationonthewingpanels,
andnegativeliftson theafterbody.The BT correlationwithexperi-
mentis somewhatbetterthanthe BW especiallyforthetriangularand
thereversed-triangulartailconfigurations.Theforwardlocationof
thecalculatedvaluesfortherectangulartailconfigurationsmaypos-
siblybe theresultofneglectingtheliftonthebodyduetdthetail
inthecalculations.

Thelift-curveslopesoftheindividualcomponentsdiscussedabove
werecombinedassumingnomujnnilinteractionsotherthanthosediscussed
previouslyto givethecompleteconfi~ationlift-curveslopesgivenin
thefollowingtable:

(4cConfiguration L+O

ExperimentalCalculated

13Wm0T2 0.3110 0.3199

%2F4~2 .4010 .3983

‘3F%2 .3080 .3191

BW3F4%’2 .4200 .4296

~~4%6 .4450 .4452

BW3F4%6 .4615 .4785

~4F%4 .2210 .2371

~4F4%4 .2505 .2568

BW5F0T5 .2050 .2034

BWF45T5 .2400 .2568

‘5F%4 .2305 .2371

~5F45T4 ;2610 .26ti

BW%45T5 .2385 .25~

.

.

Thecalculatedlift-curveslopeswereobtainedfortheinlineconfigura-
tions,usingthevortexlocationsgivenbyLagerstromandGraham,and
fortheinterdigitatedconfigurations,usingthemeasuredvortexlocations.

.
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Excellentcorrelationis shownbetweentheexperimentalandcalculated
lift-curveslopesforbothinlineandinterdigitatedconfigurations.
Thecomparisonshownin figure16 illustratesthecorrelationbetween
experimentalandcalculatedliftcoefficientsatvaryingangleofattack
forrepresentativeconfigurations.Excellentcorrelationis shownin
thelowangle-of-attackrangeaswasillustratedpreviouslywithsome
divergencebetweenexperimentandcalculatedliftcoefficientsshownat
thehigherangles.Thecorrelationfortheconfigurationsnotshown
werewithinthelimitsillustratedinfigure16. .

Thecenter-of-pressurelocationsforthecompleteconfigurations
areshowninfigure1>. Thevariationof center-of-pressurelocation
withangleofattackforthisclassof configurationsiswell-known,
thatis,theforwardmovementofcenterofpressurefortheconditions
inwhichhighestdownwashand,consequently,lowesttailliftisrealized.
Thesevariationswithangleofattackforbothinlineandinterdigitated
configurationsarepredictedwithgoodaccuracyby thecalculations,and
thecorrelationbetweenexperimentandcalculatedvaluesisconsidered
quitegood.Theaveragedeviationof thecalculatedvaluesfromthe
experimentallocationsis about0.2bodydiameterwiththegreatestdis-
agreementwhichwasabout0.4bodydiametershownfortheinterdigitated
casesofthetriangular-wingconfigurations.Fortheseconfigurations,
itwillberememberedthatthevortici~wasindicatedtobe concentrated
intoseveralvortices,notthe singlefullyrolled-upvortexassumedin
thecalculations.Theexcellentagreementshownis somewhatfortuitous
inviewofthecompensatingeffectsofthemorerearwardlocationshown
forthe EW configurations,andthemoreforwardlocationshownforthe
E?Tconfigurations.Inviewoftherangeofgeometricvariablescovered
inthiscomparison,itappearsthatthelongitudinal.stability-character-
isticsofa missileconfigurationoftheclassconsideredherecould~e
predictedwithgoodaccuracy.In fact,a designcalculationinwhich
availableexperimentaldataforthecharacteristicsofthecotiiguration
componentscouldbe utilized
experimentalresultsforthe
latedresultsofthispaper.

shouldbe inevenbetteragreement~th
completeconfigurationthanarethecalcu-

CONCLUSIONS

.

Themethodforpredictingwing-tailinterferencewherebythetrailing
vortexsystembehindliftingwingsisreplacedby fullyrolled-upvortices
hasbeenappliedto a seriesofgeneralizedmissileconfigurations.The
calculationshavebeencarriedoutwithassumedandexperimentalvortex
locations,andcomparisonoftheresultswithexperimentalresultshave
indicatedthefollotingconclusions:

.- .—..—. .—.- _ ._ _ .—--—— -——————— -
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1.Themeasuredspanwiselocationsofthetrailingvorticesas
determinedfromthepitot-tubesurveyswerefound,fortheinlinecon-
figurations,tobe ingoodagreementwiththeasymptoticvaluescomputed
fromthecenterofgravityofthevorticityusingthemethodofLagerstrom
andGrahsm.Theverticaldisplacementofthevorticeswithangleof
attackwasshowntobe small.

2.Themeasuredspanwiselocationsoftk vorticesfortheinter-
digitatedconfigurationswereinonlyfairagreementwiththecalculated
locationswhichwereobtainedfromtheasymptoticvaluesfortheinline
configurations.Theverticaldisplacementofthevorticeswithangle
ofattackwassmall.

3. A co~arisonofexperimentalandcalculatedtailefficiency
valueshasshownthatthemethodutilizingtherolled-upvortexconcept
willgivegoodresultsinthepredictionoftailefficiencyvariations
withangleofattackforinlineconfigurations.Notasgoodcorrelation
wasshownfortheinterdigitatedconfigurations.

4.Completeconfigurationlift-curveslopesat zeroliftandcenter-
of-pressurelocations,obtainedusingthetailefficiencycalculations
togetherwiththecharacteristicsofthecomponentsasobtainedfrom
availabletheoreticalmethods,showedexcellentcorrelationwithexperi-
mentalresults.Somedivergencebetweentheexperimentandcalculated
liftcoefficientswasshownatthehigheranglesofattack.Inviewof
theresultsofthecomparisonsmadeherein,itappearsthatthestatic
longitudinalstabili@characteristicsofa missileconfigurationof
theclassconsideredinthisreportcanbepretictedwithgoodaccuracy.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeroriautics,

LangleyField,Va.
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Figure2.-Continued.
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